Investigating the solvent transport behaviour of edible gels is important because it is strongly related to flavour release. We previously reported the solvent transport behaviour of mechanically-constrained agarose gels. These studies clearly showed that agarose gels can be treated as soft porous bodies. Herein, we investigated the effect of sweeteners on the solvent transport speed, which is an important issue in the food industry, using sucrose and xylitol. Sucrose caused a concentration-dependent reduction in solvent transport speed. One of the reasons for the effect is that the solvent to which sucrose was added reduced solvent flow speed within the porous agarose network. This finding provides valuable information for flavour release from compressed gels. Moreover, we found a similar effect for xylitol, which is a promising candidate for substituting sucrose in low-calorie foods. This study would provide basic knowledge for the development of a new type of low-calorie foods.
Introduction
Agarose is a neutral polysaccharide derived from Rhodophyta with a structure consisting of repeating 1,3-binding β-D-galactose and 1,4-binding 3,6-anhydro-α-L-galactose units. Agarose is insoluble in water at low temperatures owing to its double helix structure [1] , but dissolves at high temperatures due to dissociation of the double helix. As agarose dissolved in water at high temperatures is allowed to cool and the thermal motion of the polymer chain is restrained, hydrogen bonds reform to create the double helix structure. If the polymer concentration is high enough, the helical structure forms a three-dimensional network [2] . As the helical structure is not water soluble, the 3D network structure does not swell in water. Therefore, a large quantity of water is held within the network structure, affording an agarose gel.
We have investigated the solvent transport behaviour of constrained agarose gel as a model system for studying flavour release behavior [3, 4] . Compression load occurs when the agarose gel is compressed, but the load is relaxed. We found that the volume decreased with time by approximately the same amount as the compression load relaxation time when the change in gel volume was observed simultaneously. This phenomenon can be successfully explained using stress-diffusion coupling theory [5] , which shows that agarose gels can be treated as soft porous bodies.
As most food flavourings are water soluble, solvent transport behaviour and flavour release are expected to be closely related. Agarose is often applied as a gelling agent in sweet desserts. Therefore, changes in the physical properties of agarose gel with the addition of saccharide (sweetener) are an important research theme in food processing. The mechanical and thermal properties of agarose reportedly improve with sucrose addition [6, 7] . Furthermore, the syneresis often observed in gelatinous food containing agarose is controlled by sucrose addition [8] . A comprehensive review of sucrose release behaviour from agarose gels has been published [9] . However, the most of these studies are on
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Relationship between Compression Load Relaxation and Volume Change
The time profile of the change in the compression load of agarose gel (1.5 wt %) is shown in Figure 1 . The compression load decreased exponentially with time, but did not relax completely, reaching a plateau after 10 4 s. We analysed this relaxation behaviour using a stretched exponential function (Equation (1)):
where L 0 is the relaxed component of the compression load, τ M is the relaxation time, L r is the residue of the compression load, and a is the stretched index. The solid line in Figure 1 represents the fitting result using Equation (1) (the actual values of the parameters are listed in Table 1 as "control").
The experimental data fitted well with Equation (1), indicating that the compression load of agarose gels relaxed over time, but not completely.
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Comparing Figure 1 with Figure 2 showed that this decreasing behaviour was synchronous. This was not coincidental, but attributed to a correlation between these two properties. As we have reported previously [3, 4] , this correlation can be explained using the stress-diffusion coupling theory [5] . By assuming that agarose gels are soft porous bodies, solvent in the capillary would be squeezed out by compression. Therefore, the speed of this solvent removal from the constrained gels was estimated from the mechanical relaxation. This was valuable because measuring the compression load was easier than measuring the solvent transport speed. previously [3, 4] , this correlation can be explained using the stress-diffusion coupling theory [5] . By assuming that agarose gels are soft porous bodies, solvent in the capillary would be squeezed out by compression. Therefore, the speed of this solvent removal from the constrained gels was estimated from the mechanical relaxation. This was valuable because measuring the compression load was easier than measuring the solvent transport speed. 
Effect of Sucrose and Xylitol on Solvent Transport from Constrained Agarose Gels
To determine the effect of sucrose and xylitol on the solvent transport speed, agarose gels (1.5 wt %) were prepared with solvent containing sucrose or xylitol (10-50 wt %), denoted herein as S-Y and X-Y, respectively, where Y indicates the amount of sucrose or xylitol in the solvent (in wt %).
The compression load change and volume change in samples containing sucrose are shown in Figure 3a ,b, respectively. The compression load increased with increasing sucrose concentration, as clearly shown in Figure 3a . Furthermore, the relaxation time appeared to increase with increasing sucrose concentration. 
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Influence of Sweetener Addition on Network Structure of Agarose Gel
The network structure of agarose gel has been reported to change with sucrose addition [6] [7] [8] . The enthalpy of gelation and Young's modulus reportedly increased with sucrose addition. In this study, the compression load also increased with sucrose addition, as shown in Figure 3a . In contrast, the influence of xylitol on the Young's modulus of agarose gel has rarely been reported. Xylitol was also clearly effective in increasing the Young's modulus of agarose gel, as shown in Figure 4a . L0 in Equation (1) represents the relaxed component of the compression load. The sweetener concentration-dependency of L0 is shown in Figure 7 . L0 clearly increased with increasing sweetener concentration. This result suggested that a change occurred in the network structure formed by agarose gel with sucrose or xylitol addition. Therefore, freeze-dried gel samples were observed using SEM. containing the sweeteners are plotted against their concentrations. The effect of sucrose and xylitol addition are shown in Figures 5 and 6 , respectively. Sucrose and xylitol were found to effectively reduce the speed of solvent transport from the mechanically-constrained gel. However the solvent transport speed reducing effect of xylitol is less than sucrose. A possible explanation for this phenomena provided below (in Section 2.4). 
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The network structure of agarose gel has been reported to change with sucrose addition [6] [7] [8] . The enthalpy of gelation and Young's modulus reportedly increased with sucrose addition. In this study, the compression load also increased with sucrose addition, as shown in Figure 3a . In contrast, the influence of xylitol on the Young's modulus of agarose gel has rarely been reported. Xylitol was also clearly effective in increasing the Young's modulus of agarose gel, as shown in Figure 4a . L 0 in Equation (1) represents the relaxed component of the compression load. The sweetener concentration-dependency of L 0 is shown in Figure 7 . L 0 clearly increased with increasing sweetener concentration. This result suggested that a change occurred in the network structure formed by agarose gel with sucrose or xylitol addition. Therefore, freeze-dried gel samples were observed using SEM.
Scanning Electro-Microscopy (SEM) images of the agarose gel structure with sucrose addition are shown in Figure 8 . As the sucrose concentration increased, the mesh size of the agarose gel network seemed to become smaller. The results for xylitol addition using a similar method are shown in Figure 9 . A decrease in the mesh size of the agarose gel network was observed with xylitol addition, as observed for sucrose addition above. Agarose molecules, with their spiral structure, are known to associate to form a gel network structure. The sequence state of the spiral structure has been reported to change with sucrose addition, resulting in the strength of the gel network structure changing. This phenomenon was thought to cause the increasing Young's modulus observed in this study. Xylitol also clearly had a similar effect on the agarose gels in this study. Scanning Electro-Microscopy (SEM) images of the agarose gel structure with sucrose addition are shown in Figure 8 . As the sucrose concentration increased, the mesh size of the agarose gel network seemed to become smaller. The results for xylitol addition using a similar method are shown in Figure 9 . A decrease in the mesh size of the agarose gel network was observed with xylitol addition, as observed for sucrose addition above. Agarose molecules, with their spiral structure, are known to associate to form a gel network structure. The sequence state of the spiral structure has been reported to change with sucrose addition, resulting in the strength of the gel network structure changing. This phenomenon was thought to cause the increasing Young's modulus observed in this study. Xylitol also clearly had a similar effect on the agarose gels in this study. Scanning Electro-Microscopy (SEM) images of the agarose gel structure with sucrose addition are shown in Figure 8 . As the sucrose concentration increased, the mesh size of the agarose gel network seemed to become smaller. The results for xylitol addition using a similar method are shown in Figure 9 . A decrease in the mesh size of the agarose gel network was observed with xylitol addition, as observed for sucrose addition above. Agarose molecules, with their spiral structure, are known to associate to form a gel network structure. The sequence state of the spiral structure has been reported to change with sucrose addition, resulting in the strength of the gel network structure changing. This phenomenon was thought to cause the increasing Young's modulus observed in this study. Xylitol also clearly had a similar effect on the agarose gels in this study. 
Relationship between Structural Changes and Solvent Transport Behaviour of Agarose Gel Networks
The syneresis of agarose gel is thought to be empirically controlled by sucrose addition. However, the mechanism of this phenomenon on the molecular level remains unclear. The improvements in the mechanical characteristics resulting from sucrose addition discussed in Section 2.3 are partly due to changes in the gel network. The moving speed of solvent molecules is thought to decrease intuitively owing to the mesh size of the gel network decreasing. However, the mesh size of the gel network, as observed by SEM (Figures 8 and 9 ), was too large to prevent solvent transport. Furthermore, their size was estimated to range from 10 to 100 nm [10] [11] [12] .
As mentioned above, the solvent transport behaviour of mechanically-constrained agarose gel can be explained using the stress-diffusion coupling theory, which treats agarose gels as soft porous bodies. Considering the agarose gels to be soft porous bodies, an increase in inner pressure would occur during compression, which should squeeze solvent out of capillaries in the gel. The flow quantity (Q) can be estimated using the Hagen-Poiseuille law (Equation (3)):
where P is the increase in pressure, r is the capillary radius, L is the capillary length, and η is the flow liquid viscosity. The solvent viscosity was the factor determining the flow quantity if the shape of the capillary and pressure increase were constant. According to the literature, sucrose-water solutions have viscosities of 1.06 mPa s (10 wt %) and 10.0 mPa s (50 wt %) at 30 °C. Using these viscosity values and Equation (3), the flow quantity of S-10 was estimated to be ten-fold that of S50. In contrast, the value of τM for S-10 was 15-fold higher than that of S-50, with the τV for S-10 six-fold higher than that of S-10 (see Table 1 ). These values were similar to the estimated value mentioned above. Therefore, the reduction in solvent transport speed resulting from sucrose addition might be mainly due to the rise in solvent viscosity. The effect of xylitol was expected to be similar to that of sucrose. As viscosity data for xylitol-water solutions were not available in the literature, the viscosities were measured, giving approximately 1 mPa s and 6 mPa s for 10-wt % and 50-wt % solutions, respectively. The viscosity thickening effect of xylitol was slightly inferior to that of sucrose, but in the same order of magnitude, and the increase in τM and τV was thought to be dependent on the solute levels, with similar dependencies observed in both the xylitol and sucrose systems. Water molecules reportedly strongly hydrate sugar molecules in agarose, water, and sugar-containing systems, resulting in their removal from the vicinity of the agarose molecules. Therefore, sucrose and xylitol may become 
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